NMDARs exhibited high Ca 2÷ permeability (Pca/Pmonovalent of -2) and an inwardly or doubly rectifying I-V relation (lino et al., 1990 ) ( Figure 1A ). In both type I and type II neurons, the non-NMDARs were subsequently identified as AMPA receptors (AMPARs) on the basis of their pharmacological profile (Ozawa and lino, 1993) .
These results raise several questions. Which cell types in the mature CNS express Ca2÷-permeable AMPARs? What is the molecular basis of the differences in Ca 2+ permeability? What is the function of these Ca2÷-permeable AMPARs in excitatory synaptic transmission? Five years after the first description of Ca2÷-permeable AMPAR channels, some answers are available. Recombinant Ca2+-Permeable AMPAR Channels Four AMPAR subunits (GluR-A-GluR-D or GluR1-GluR4) have been identified by molecular cloning (reviewed by Hollmann and Heinemann, 1994) . Heterologous expression of AMPAR subunits in Xenopus oocytes or human embryonic kidney cells indicates that the functional properties of recombinant AMPARs are dependent on the subunit composition. Homomeric channels assembled from GluR-B subunits show normal behavior (Pca/Pmo~ov~ent of 0.1 and outwardly rectifying I-V relation). Receptors assembled from GluR-A, -C, and -D subunits, however, are highly permeable to Ca 2÷ (Pca/P ...... ,en, of --2) and show a doubly rectifying I-V relation (Hollmann et al., 1991; Verdoorn et al., 1991; Burnashev et al., 1992a) , resembling the native AMPARs in type II neurons. AMPARs assembled from GluR-A, -C, and -D subunits are permeable to Mg 2+ and Ba 2+ as well as Ca 2÷ (Burnashev et al., 1992a; Dingledine et al., 1992) . In heteromeric combinations, GluR-B is functionally dominant in determining the Ca 2÷ permeability. Coexpression of GluR-B subunits and GluR-A, -C, and -D subunits at equal proportions results in the formation of recombinant channels with a low Ca 2÷ permeability and an outwardly rectifying I-V relationship (Hollmann et al., 1991; Verdoorn et al., 1991; Burnashev et al., 1992a) .
Comparison of the amino acid sequence of the GluR-B subunit with that of the GluR-A, -C, and -D subunits reveals a marked difference in the putative transmembrane segment M2. A positively charged arginine (R) is present at position 586 of the GluR-B subunit, whereas a neutral glutamine (Q) is found at the homologousposition in the other subunits (reviewed by Hollmann and Heinemann, 1994) . This position is termed the Q/R site. Mutational analysis indicates that the Ca 2÷ permeability of channels assembled from GluR-B subunits in which the arginine is replaced by glutamine (GluR-B(R586Q)) is high, whereas the Ca 2+ permeability of channels assembled from GluR-D subunits in which the glutamine is replaced by arginine (GluR-D(Q587R)) is low. Since these mutant channels show reversed Ca 2÷ permeability as compared with channels assembled from the respective wild-type subunits, the Q/R site appears to be the main site controlling divalent ion permeation of recombinant AMPARs (Hume et al., 1991; Burnashev et al., 1992a; Dingledine et al., 1992) .
The original concept of how the Ca 2÷ permeability of recombinant AMPARs is regulated by the residue at the Q/R site had to be modified in two important respects. First, the genomic GluR-B DNA surprisingly contains a glutamine codon at the Q/R site; the arginine codon is introduced by editing of GluR-B pre-mRNA (Sommer et al., 1991) . Second, mapping of intra-and extracellular regions of GluR subunit proteins by introducing reporter sites indicates that the stretch of amino acids around the Q/R site is not a transmembrane segment, but more likely forms a pore loop extending into the aqueous pore from the intracellular side (reviewed by MacKinnon, 1995) . Native Ca2+.Permeable AMPAR Channels Native AMPARs are likely to be heteromers assembled from GluR-A-GluR-D subunits. Since the expression of GluR-B subunits determines the Ca 2÷ permeability of recombinant AMPARs in host cells, similar mechanisms might operate in the CNS when native GluRs are assembled. Until 1992, however, no direct evidence in favor of this hypothesis was available. In situ hybridization with GluR subunit-specific oligonucleotide probes indicates that GluR-B mRNA is ubiquitously expressed in the CNS (reviewed by Hollmann and Heinemann, 1994) . Accordingly, AMPARs in various types of principal neurons (e.g., hippocampal pyramidal and granule neurons) exhibit low Geiger et al., 1995; Burnashev et al., 1995; Koh et al., 1995b. Ca 2÷ permeability (e.g., Spruston et al., 1995; Geiger et al., 1995, and references therein) . The hunt for a cell type that lacks GluR-B subunit mRNA and that expresses Ca2+-permeable AMPARs led to the cerebellum. In situ hybridization indicates that Bergmann glial cells express GluR-A and GluR-D mRNA but not GluR-B mRNA (Burnashev et al., 1992b) . Electrophysiological characterization reveals that AMPARs expressed in cerebellar Bergmann glial cells in culture and in brain slices show high Ca 2+ permeability and doubly rectifying I-V relations (Burnashev et al., 1992b; MLiller et al., 1992) . Whereas these results provide an important link between native and recombinant AMPARs, the functional relevance of the expression of Ca2÷-permeable AMPARs in Bergmann glial cells remains unclear.
Which types of neurons in the mammalian CNS express Ca2+-permeable AMPARs? Several lines of evidence now suggest that GABAergic interneurons express Ca 2÷-permeable AMPARs. First, identified GABAergic interneurons in both hippocampal (basket cells of dentate gyrus) and neocortical (nonpyramidal cells in layer IV) slices express AMPARs with high Ca 2÷ permeability (Pca/ Pmonovalent of -1.5 and -0.7, respectively; Koh et al., 1995a; Jonas et al., 1994) . Second, I-V relations of kainate-activated currents in GABAergic stratum radiatum interneurons of hippocampal slices have inwardly rectifying shape, suggesting the expression of Ca2+-permeable AMPARs (McBain and Dingledine, 1993) . Third, cultured hippocampal type II neurons are positive for glutamic acid decarboxylase, identifying them as GABAergic (Bochet et al., 1994) . Fourth, Co 2÷, which is thought to pass through Ca2÷-permeable AMPARs, selectively marks GABAergic neocortical neurons in culture (Yin et al., 1994) .
Recent evidence suggests that the expression of Ca 2÷-permeable AMPARs is not restricted to GABAergic interneurons. Ca2+-permeable AMPARs have been found in relay neurons of two nuclei of the auditory pathway, the cochlear nucleus (Otis et al., 1995) and the medial nucleus of the trapezoid body (MNTB; Geiger et al., 1995) . Furthermore, analysis of Ca 2÷ influx using Ca2+-sensitive dyes suggests that Ca2+-permeable AMPARs are expressed in septal neurons (Schneggenburger et al., 1993) and in dorsal horn spinal neurons (Kyrozis et al., 1995) . The relative Ca 2÷ permeability values reported by different groups, however, cannot be compared directly, because of different experimental conditions and correction factors (liquid junction potentials and activity coefficients). When the experimental conditions and the correction procedures are identical, the PcJPNa of AMPARs is highest in cerebellar Bergmann glial cells, followed by hippocampal GABAergic interneurons, MNTB relay neurons, and neocortical GABAergic interneurons (Geiger et al., 1995) (Figure 1B) . A common property of the neuron types expressing Ca 2+-permeable AMPARs appears to be the lack of dendritic spines and the specific expression of Ca2+-binding proteins (parvalbumin, calbindin, and calretinin; e.g., Koh et al., 1995a; Otis et al., 1995) .
Relation between Ca 2÷ Permeability and Current Rectification
The results from recombinant AMPARs have clear predictions for the relation between Ca 2÷ permeability and current rectification of native receptors: high Ca 2÷ permeability and I-V relation with a doubly rectifying shape should be coupled. Native AMPARs with low Ca 2+ permeability show linear or outwardly rectifying I-V relations, as expected. Native AMPARs with high Ca 2÷ permeability, however, exhibit weak current rectification in the outside-out patch and variable rectification in the whole-cell configuration (Burnashev et al., 1992b; McBain and Dingledine, 1993; Lerma et al., 1994; Jonas et al., 1994; Geiger et al., 1995; Otis et al., 1995) . One possibility is that current rectification is not an intrinsic property of the AMPAR channel but is caused by cytoplasmic factors, which may be washed out during patch-clamp recording.
There is now direct evidence that the doubly rectifying shape of the I-V relation of native and recombinant Ca 2÷-permeable AMPARs arises from voltage-dependent block by intracellular polyamines (PAs; Kamboj et al., 1995; Koh et al., 1995b; Bowie and Mayer, 1995) (Figure 1A) . PAs, such as spermine or spermidine, are ubiquitous intracellular factors with low molecular mass and multiple positive charges. The complex doubly rectifying shape of the I-V relation of the Ca2÷-permeable AMPAR may be explained as follows. At moderately positive membrane potentials, PAs enter the pore, resulting in block of ion flow. At very positive potentials, however, PAs may permeate the channel, and ion flow is restored. Native and recombinant AMPARs with high Ca 2÷ permeability are about 1000-fold more sensitive to PAs than AMPARs with low Ca 2÷ permeability (Koh et al., 1995b) . Mutant channels containing an asparagine at the Q/R site, although highly Ca 2+ permeable, show a linear whole-cell I-V relation, presumably because they are insensitive to PAs (Burnashev et al., 1992a; Dingledine et al., 1992) . Hence, Ca 2+ permeability and rectification of AMPARs are not necessarily coupled and may be dissociated in the absence of intracellular PAs or by mutation at the Q/R site.
Subunit Composition of Native AMPARs
A major challenge is the identification of the subunit composition of native AMPARs exhibiting various degrees of Ca 2÷ permeability. In situ hybridization, however, does not allow us to examine AMPAR subunit expression in minor subpopulations of cells such as GABAergic interneurons.
Immunocytochemical analysis first suggested that subsets of nonpyramidal neurons of hippocampus and neocortex predominantly contain GluR-A subunit protein and little GluR-B, -C, and -D subunit protein (Martin etal., 1993) . Analysis of mRNA of single cells using reverse transcription followed by polymerase chain reaction (RT-PCR) appears to be the most efficient approach to identify the putative subunit composition of native Ca2+-permeable AMPARs. Single-cell RT-PCR of cultured type II neurons indicates the lack of GluR-B mRNA (Bochet et al., 1994) . Single-cell RT-PCR in brain slices shows that GluR-B mRNA is totally absent only in Bergmann glial cells (Geiger et al., 1995) . In GABAergic interneurons of hippocampus and neocortex, GluR-B mRNA is detectable, but the relative level is much lower than in pyramidal neurons (Geiger et al., 1995; Jonas et al., 1994) . Hence, native Ca 2÷-permeable AMPARs in the mature CNS are generated either by the lack or by the low relative abundance of GluR-B m RNA. The degree of editing of GluR-B pre-mRNA at the Q/R site in the adult brain is virtually 100% (Burnashev et al., 1992a; Geiger et al., 1995) , excluding the possibility that native Ca2+-permeable AMPARs are generated by lack of editing.
What is the consequence of the expression of low levels of GluR-B mRNA in certain cell types? When host cells are cotransfected with R-and Q-form AMPAR subunit cDNAs at a ratio of 1:10, intermediate biionic reversal potentials are observed (average Pca/P ...... lent of -0.5; Burnashev et al., 1992a) . A similar situation may occur in GABAergic interneurons of hippocampal or neocortical brain slices. In these cells, low relative levels of GluR-B mRNA are found, and the average Ca 2+ permeability of AMPARs is somewhat lower than in Bergmann glial cells (Geiger et al., 1995) . Presumably, a mosaic of various homomeric and heteromeric AMPARs is formed ( Figure  1B) . Suppose that the native channel is a pentamer and that different subunit proteins coassemble freely. If the relative level of GluR-B subunit protein is 10% and that of GluR-A subunit protein is 90%, the proportion of channels containing 0, 1, 2, 3, 4, or 5 GluR-B subunits would be 590, 33%, 7% , 1% , 0.05% , and 0.001% (assuming a binomial distribution). If the GluR-B subunit is functionally dominant, implying that a single GluR-B subunit in a heteromeric channel is sufficient to suppress the Ca 2÷ permeability, 59% of the channels would show high Ca 2+ permeability and 41% would exhibit low Ca 2+ permeability (Geiger et al., 1995) . If the level of GluR-B protein would be proportional to the level of GluR-B mRNA, almost every intermediate average Ca 2+ permeability could be generated in a given cell by varying the relative abundance of GluR-B mRNA. Analysis of various cell types in rat CNS indicates that the cells with the lowest relative abundance of GluR-B mRNA express AMPARs with the highest Ca 2+ permeability, and vice versa ( Figure 1B) . Hence, CNS neurons and glial cells may control the Ca 2+ permeability of their AMPARs by precise regulation of GluR-B subunit gone expression.
Functional Significance
Is there evidence that Ca2+-permeable AMPARs are located in the postsynaptic density of excitatory synapses and are involved in synaptic transmission? Exploiting the large amplitude of the excitatory postsynaptic current in cochlear nucleus neurons, Otis et al. (1995) elegantly dem-onstrated that postsynaptic AMPARs are highly Ca 2+ permeable, like extrasynaptic AMPARs in membrane patches isolated from the somata of these cells. In pyramidal cells of hippocampal slices, in which the synaptic currents are smaller, this issue was approached more indirectly by using membrane patches isolated from dendrites presumably containing postsynaptic receptors; in these cells, dendritic and somatic AMPARs both show low Ca 2+ permeability (Spruston et al., 1995) . In contrast, Lerma et al. (1994) found that, in acutely dissociated hippocampal neurons, the degree of inward rectification of dendritic AMPARs is larger than that of somatic AMPARs. Their interpretation is that Ca2÷-permeable AMPARs would be specifically segregated to the dendrite. However, since PA block generates current rectification (see above), an alternative explanation is that the functional properties of AMPARs are the same, but that the intracellular concentration of PAs is higher at the dendrite than at the soma under their experimental conditions.
To assess the functional significance of Ca2÷-permeable AMPARs, information about Ca 2+ fluxes rather than Pca/ P ...... ~ent values is required. The contribution of Ca 2+ to the total cationic current can be measured directly using photometric methods (Schneggenburger et al., 1993; Burnashev et al., 1995) . With physiological Ca 2÷ concentrations, the fractional Ca 2÷ current (Pf = integral of Ica/integral of Ito,a~) of recombinant AMPARs assembled from Q-form subunits is 3% -4% , severalfold higher than that of heteromeric channels assembled from both Q-and R-form subunits (0.5%), but considerably lower than that of recombinant NMDARs (8%-11%; Burnashev et al., 1995) . Based on the these values as well as various other functional parameters of AMPARs and NMDARs, it is estimated that, at excitatory synapses where Ca2+-permeable AMPARs and NMDARs are colocalized, the Ca 2+ inflow through AMPARs is comparable to that through NMDARs at resting membrane potential (Koh et al., 1995a; Burnashev et al., 1995) . Hyperpolarization favors Ca 2÷ entry through AMPARs, depolarization favors Ca 2+ entry through NMDARs, because of the opposite voltage dependence of the block of the AMPAR by intracellular PAs and the block of the NMDAR by extracellular Mg 2÷.
What may be the functional consequences of Ca 2+ entry through synaptically activated AMPARs? The rise in Ca 2+ concentration mediated by AMPARs in neurons expressing low relative levels of the GluR-B subunit may lead to a rapid activation of K ÷ channels or nonselective cationic channels, resulting in either termination or prolongation of the excitatory postsynaptic potential. Alternatively, AMPAR-mediated Ca 2+ influx may cross-inhibit NMDARs and thus modulate the NMDAR component of the excitatory postsynaptic potential on an intermediate time scale (Medina et al., 1994; Kyrozis et al., 1995) . Finally, AMPARmediated Ca ~÷ inflow may result in long-lasting changes of synaptic efficacy, e.g., long-term potentiation or depression.
